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ABSTRACT
STUDY OF AQUEOUS ELECTROLYTES AND PARAMETERS AFFECTING THE
PERFORMANCE IN ALUMINUM-AIR BATTERIES
Kaustubh Bhonge, MS
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Kyu Taek Cho, Director

Renewable energy based on solar and wind resources is getting intense attention to solve
issues of the conventional fossil-based energy of which amount is limited and which is the major
source to cause environmental pollution. But, due to its intrinsic dependence on weather condition,
the produced energy is not stable to be directly utilized. Therefore, a system called energy storage
system is required which can store the energy generated precariously and provide it stably to the
places on demand.
Li-ion battery is currently the most popular electrical energy storage system, and it is being
applied to most electricity-powered systems from portable electronic devices to automotive system
and grid-level energy system. However, it has challenging issues associated with high system cost,
safety issues, and low energy density (i.e. short driving range), and thus the new energy storage
system needs to be developed to solve those issues of the conventional battery system.

Aluminum-air battery, which requires only inexpensive aluminum strips and free oxygen
from air as reactive species (i.e. fuel), has been studied actively since 1960s due to the excellent
benefits of cost, high theoretical voltage (2.7V), high specific energy (2.8 kWh/kg, almost 7 times
greater than Li-ion battery) and high volumetric capacity (8046 mAh/cm3). But the Al-air battery
could not be fully applied due to the challenging issues such as (1) formation of oxide layers on
the Al surface causing Al to be deactivated and (2) parasitic self-corrosion of Al. Because of the
protective oxide layer on aluminum, the open circuit cell potential is decreased (i.e. the actual cell
voltage is considerably lower than theoretical cell voltage) and “delayed response” (i.e. the time
lag in reaching maximum voltage when the circuit is closed) is induced. The electro- deposition of
aluminum ions (i.e. cell charge condition) is not feasible in an aqueous alkaline electrolyte due to
the hydrogen evolution, causing aluminum-air battery to be used as a primary energy storage
device (i.e. non-rechargeable battery).
A detailed study and analysis of aqueous electrolytes was conducted to understand the key
parameters to control the hydrogen evolution with aqueous and non-aqueous solutions having
various concentration of potassium hydroxide. The effect of saline electrolyte and additives on H2
evolution was also studied to evaluate the effect of different pH conditions and additives. The
battery cell performance was tested to study the mass-transfer limited overpotential with various
cell structures: a conventional Swagelok cell where reactants transport in diffusion mode and flowcell structure where reactants transport in diffusion and convective mode. The ohmic-transfer

limited loss was studied with various membranes including KOH-treated nafion membrane, anion
membrane, and porous membrane.
Results of this study will present key factors in reducing side reactions and increasing cell
performance to advance understandings and knowledge of this emerging cell system.
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CHAPTER 1: INTRODUCTION
The availability of natural resources like coal, petroleum and natural gas is depleting day by
day and it also leads to various kinds of pollution (air, water and soil pollution). Hence nonconventional energy sources like solar, wind, tidal and geothermal are being harnessed. The large
amount of energy captured by these sources needs storage on a large scale. This need can be
fulfilled by using batteries. Currently lithium-ion batteries are used on a large scale. But they have
some limitations as they cannot be used on a large-scale electricity storage and they are not safe
and catch fire easily when exposed to moisture in the surroundings. Hence there is a need to
develop future batteries and this need can be fulfilled by Al-air batteries.

1.1 MOTIVATION
As discussed earlier, Li batteries are hazardous, sensitive to moisture content in the
atmosphere, catch fire easily and are very costly. Hence there is a need for the development of
future batteries. Al-air batteries have exceptional electrochemical properties and this can be seen
from Table 1.
Li-air cell is at the top of the list, but it is unstable and it can be substituted by Al-air batteries.
The development of Li-air cell is in initial stage and a lot of research needs to be done. For Al-air
cell, the cell potential is 2.7 V, has very good energy density of 2.8 (kWh/kg) and capacity of 2.98
(Ah/g). Hence, the driving range is around 8-10 times greater than that of Li-ion batteries. So Alair battery is a strong contender after Li-air batteries. Apart from this, Al-air batteries are safe and
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very much economical as it uses aluminum, which is available abundant in nature and oxygen
from air which is available free of cost [1].
Table. 1: Comparison of electrochemical properties of various metal-air batteries [1]
Pair

Anode reaction
−

Li/air

Li + OH = LiOH + e

Al/air
Mg/air

−

Al + 3OH = Al OH

−

3

+ 3e

−

Mg + 2OH = Mg OH
−

Ca/air

Ca + 2OH = Ca OH

Fe/air

−

Fe + 2OH = Fe OH

Zn/air

−

Zn + 2OH = Zn OH

2
2
2

2

−

Capacity (Ah/)g

Cell volt. (V)

Energy (kWh/kg)

-3.05

3.86

3.45

3.9

-2.35

2.98

2.70

2.8

-2.69

2.20

3.09

2.8

−

-3.01

1.34

3.42

2.5

−

-0.88

0.96

1.28

0.8

−

-1.25

0.82

1.65

0.9

+ 2e

+ 2e
+ 2e

−

Anode (V)

+ 2e

1.2 CHALLENGES
Since last 50 years, Al has been a metal of interest for batteries due to its exceptional
electrochemical properties. But it has two main disadvantages, namely (i) the formation of
oxide layer on its surface and (ii) parasitic self-corrosion reaction.
1.2.1 OXIDE LAYER FORMATION
Aluminum is highly reactive and hence it reacts with oxygen in the air and forms aluminum
hydroxide [Al (OH)3 ] film on its surface. The thickness of this layer is around 40 nanometers (1
nm = 10-9 m) (Fig. 1). This layer is termed as a protective layer as it protects the surface from any
chemical attack. As a result, when Al is used in the cell, the protective layer hinders the chemical
reaction so the cell potential reduces drastically and affects the cell performance significantly.
Because of the protective oxide layer on aluminum, the reversible cell potential is decreased (i.e.
the actual cell voltage is considerably lower than theoretical cell voltage). It also causes “delayed
action” (i.e. the time lag in reaching maximum voltage when the circuit is closed).
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Figure 1: Aluminum hydroxide layer on the Al surface [2]
1.2.2 SELF-CORROSION DUE TO SIDE REACTION
The second challenge faced by Al-air batteries is self-corrosion due to side reaction. The
Al reacts with the water content in the cell to give aluminum hydroxide and hydrogen gas as byproduct. So, the water content in the cell corrodes the Al-metal and hence less Al-metal is available
for the actual cell reaction. This results in heavy mass transfer losses in the system. The parasitic
cell reaction is as below.
Parasitic cell reaction:
2𝐴𝑙 + 6𝐻2 𝑂 + 2𝑂𝐻 − → 2𝐴𝑙 𝑂𝐻

−
4

+ 3𝐻2 ↑

𝐸 0 = −0.93 𝑉 ………………………… (1)

As per the chemical reaction, the cell potential should drop by 0.93 V, but practically the
cell voltage drops severely due to various losses which will be discussed in the later part of the
thesis. The electro- deposition of aluminum is not thermodynamically feasible due to the hydrogen
evolution at the negative electrode, causing aluminum-air battery to be used as a primary energy
storage device.
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1.3 OBJECTIVE
The objective of the thesis is to resolve the issues of hydrogen evolution, understand the
fundamentals of Al-air cell operation and to find the effect of various aqueous electrolytes on the
Al-air cell. In this thesis, aqueous electrolytes from dilute to high concentration are studied.
Initially the effect of solvent in salt electrolytes (highly concentrated electrolytes) was studied. But
it did not give satisfactory results, so later on focus was made on salt in solvent electrolytes (dilute
electrolytes). The focus is done on the use of various combination of water, methanol and
potassium hydroxide electrolytes. The effect of saline electrolyte is also studied. Comparative
study of conventional and flow batteries, effect of various ion exchange membrane, and the effect
of additive are also analyzed. This analysis will give direction to the further research to resolve the
challenges faced by Al-air batteries.

CHAPTER 2: LITERATURE REVIEW
The research in aluminum-air battery is going on since 1960s over 55 years due to its
exceptional electrochemical properties like high energy density (400 Wh/kg) and high theoretical
open circuit voltage (2.7V). Today’s energy storage technology is focused in reducing the system
weight to improve the energy density; hence again Al-air batteries have gained interest as their
energy density is around 1.6 times that of Li-ion batteries. Zaromb introduced aluminum-oxygen
batteries with aqueous electrolytes like Al/MnO2, Al/H2O2 and Al/AgO [3]. These electrolytes
were low in cost and simple in operation. But the main issue of self-corrosion of aluminum and
hydrogen evolution was not resolved.
Initially aluminum-air cell was developed as a primary metal-air battery with an aqueous
electrolyte like sodium hydroxide, potassium hydroxide or sodium chloride. Fig. 2 shows the
schematic of the aluminum-air battery with air-permeable hydrophobic membrane and a Ni mesh
current collector [4].
There is a lot of research done in this field and can be summarized in the Figure. 3. In
1980s Al-air vehicle was developed by Norwegian Defense Research Centre. In late 90s Al-O2
battery was developed for unmanned water vehicle. In mid of 2000, University of Southampton
designed UAV – unmanned aerial vehicle using Al-O2. The challenges faced by Al-air batteries
can be addressed by (i) developing aluminum alloys or (ii) developing electrolytes or both.
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Figure 2: Illustration of the structure of an aluminum-air battery using a 3-layer gas diffusion
electrode and, in this case, pure aluminum as anode with its passive hydroxide layer [4]

2.1 DEVELOPMENT OF ALUMINUM ALLOYS
Aluminum alloys can be used to improve its electrochemical properties. When uninhibited
alkaline electrolyte is used, pure aluminum which is covered by passive hydroxide layer gives high
overpotential during anodic dissolution and also has high corrosion currents as water content
reduces due to hydrogen evolution. When aluminum alloys are used it results in activation and
reduces over potential by breaking down the passive hydroxide layer due to reduction of water on
the surface [4].
Aluminum with purity greater than 99.99wt% should be used as a raw material as
impurities like copper, iron, and silicon aggravate self-corrosion. The important properties an
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effective alloying element should have are (i) a melting point below the melting temperature of the
aluminum (657°C), (ii) good solid solubility in the aluminum, (iii) higher nobility than aluminum
in the electrochemical series, (iv) good solubility in the alkaline electrolyte and (v) high hydrogen
overpotential. Some of the alloying elements used are tin, gallium, indium and other binary
element alloys [5].

Figure 3: Timeline of the history of the development of aluminum-air batteries [4]

The behavior of Al/Sn alloy is affected by the structure, concentration and electrochemistry
of tin and the temperature of the electrolyte. The maximum amount of tin that can be
accommodated in solid solution in the aluminum matrix is 0.12 wt%, which is the upper limit of
the tin concentration in the alloy. Al/Sn alloy showed enhanced anodic currents as compared to
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the pure aluminum. The discharge efficiency and the electrode potential are low as compared to
other aluminum alloys [4].
The factors affecting the performance for Al/In alloys are the electrolyte temperature and
the electrochemistry of the indium. The solubility limit of the Indium in aluminum is 0.16%, and
also Al/0.16In shows the highest anodic currents in a solution of 4 M dm-3 NaOH at 25°C as
compared to other compositions. Further increase in indium percent did not improve the
performance as it is dependent on the solid-state indium rather than second-phase indium particles.
Also the behavior improved as the temperature or electrolyte flow rate is increased [4].
The research for Al-air batteries is mainly focused on alloys like Mg, Zn, Pb, Sn, Ga, In,
Mn, Hg and TI along with aluminum because of their lower melting point and high degree of
solubility in aluminum; they are more noble and soluble in alkaline electrolyte with high hydrogen
overpotential. D.R. Egan et al. states, “Alloys desirable at 60⁰C that exhibited extremely high
anodic currents, upwards of 600 mA/cm2 at potentials of 1.64 V vs. Hg/HgO and discharge
efficiencies greater than 90%, include Al/0.5% Mg/0.07% Sn, known as EB50V, and
Al/0.84Mg/0.13Mn/0.11In.” [4].
2.2 DEVELOPMENT OF ELECTROLYTES FOR ALUMINUM-AIR BATTERIES
Using aluminum alloys is not economical as manufacturing them is costly. So alternative
is to make use of effective electrolytes with or without additives. Since 1960s only, extensive
research has been conducted on different types of electrolytes. Zaromb demonstrated the technical
feasibility of alkaline-air batteries based on alkaline and saline electrolytes, and the alkaline
electrolytes demonstrated better cell performance and level of aluminum polarization at normal
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operating conditions [1]. Later on Trevethan et al. used KOH as an electrolyte and noticed
improvements in the cell performance over aqueous electrolytes, but still the hydrogen evolution
was predominant. And carbon di-oxide was found to get absorbed in cathode, leading to crystal
formation and hence obstructing oxygen supply [4]. The aqueous KOH electrolyte does not allow
deposition of aluminum ions, and thus it has been used only for primary batteries.
J.B. Wang reported use of aqueous and non-aqueous alcohols (i.e. methanol, ethanol and
propanol). It was found that hydrogen evolution was completely inhibited when non-aqueous
alcohols were used, but it resulted in poor conductivity. J.S. Spendelow et al. used KOH and
ethanol, but the ethanol was oxidized by platinum to form CO2, reducing cell performance
drastically [1,4]. Mukherjee et al, studied effect of 2-propanol solution, but it did not give
satisfactory results due to the complex behavioral pattern [5].
Efforts were made to add additives/inhibitors to the electrolytes so as to make the
electrolyte less corrosive. This is more economical than aluminum alloys but is less effective.
Some of the most effective additives found were oxides of gallium, indium, calcium, zinc,
stannates and nitrates [1].
Despic et al, studied the effect of saline electrolytes (NaCl) on Al-air batteries. They used
12% solution of NaCl, which is close to its maximum conductivity, and a narrow anode gap to
minimize the power loss due to internal resistance. In saline electrolytes the anodic dissolution of
aluminum results in the formation of aluminum hydroxide gelatinous precipitate, which is highly
undesirable due to the following reasons. This precipitate causes anode passivation due to the
accumulation of aluminum hydroxide on the electrode. It also increases the water requirement as
water is bound, which reduces both the gravimetric (Wh/kg) and the volumetric (Wh/I) energy
density. Also cell cleaning is a big issue due to sticky gelatin formed [1].
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Additives like sodium phosphate, sodium sulfate, sodium fluoride and sodium bicarbonate
are added to NaCl to reduce the water requirement. They act a coagulants and precipitate the
reaction product. Among these additives, NaF acts as a most effective additive for getting a
crystalline precipitate. Holzer et al, and Muller found that acidic electrolytes are beneficial to
improve the battery performance [1].
X. Y. Wang et al. studied the effects of polyethylene glycol as an electrolyte additive on
the corrosion behavior and electrochemical performances of pure aluminum in an alkaline zincate
solution [6]. The galvano-static discharge curve of Al shows a good discharge plateau in 4M KOH
solution with 0.2M ZnO and 2.0 mM PEG at relatively high current density. Their results show
that small amounts of PEG can be used to reduce the corrosion of aluminum anode.
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CHAPTER 3: WORKING PRINCIPLES OF ELECTROCHEMICAL CELLS
3.1 ELECTROCHEMICAL ENERGY STORAGE
The energy captured from various non-conventional energy sources like solar, wind,
geothermal, etc., is stored in the form of electrochemical energy. An electrochemical cell has two
half cells. Each of these half cells consists of an electrode and an electrolyte. Different types of
cells use different electrodes and electrolytes. In a cell, one species loses electrons to its electrode
and gets oxidized while the other gains electrons to be reduced. The generated ion species transport
through ion-exchange membrane while movement of other species is blocked to prevent
intermixing of reactants. Those redox reactions take place depending on relative magnitude of
electrochemical potentials of reactant species in each half cell, and difference in electrochemical
potentials drive electron to move from one to the other side of cell.

3.1.1 CONVENTIONAL BATTERIES
Conventional batteries have liquid-phase electrolyte. A famous example is a lead acid battery
(Figure 4). It is the oldest type of rechargeable battery invented by French physicist Gaston Plante
in 1859 [7]. They have very low energy to weight ratio but can supply high surge currents. Hence
it has power to weight ratio. Apart from this, the power and energy ratings are coupled, which
means that for a specific type of cell the power output and the maximum current withdrawn are
fixed. If we want to withdraw more current or want more power, the size of cell increases and
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similarly for lower power and current requirements the size reduces. As a result, the power output
and energy storage go hand in hand and cannot be isolated from each other, which means that we
cannot keep energy storage constant and vary the power output or keep power output constant and
vary the energy storage. But this energy and power ratings can be isolated from each other in case
of flow batteries.

Figure 4: Conventional batteries (lead acid battery) [8]

3.1.2 FLOW BATTERIES
A flow battery or redox flow battery is a rechargeable battery where charge and discharge
abilities are determined by redox reaction by reactive chemical species in electrolyte (i.e. anolyte
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and catholyte). In flow batteries, the charges are stored in the liquid electrolytes that sit in the
external tank. The charge-carrying electrolytes are then pumped through an electrolyte assembly
called a stack containing two electrodes separated by an ion-conducting membrane. This setup
allows large amount of electrolyte to be stored in the tank. They can also be termed as industrialscale batteries as they can store large amount of energy cheaply and feed to the electric grid when
the sun is not shining and wind is calm. Along with this the flow induces convection along with
the diffusion and as a result the mass transfer losses are reduced drastically. These are the two
main benefits of the flow batteries over conventional batteries. The reversible cell voltage is
determined by the Nernst equation, and the voltage decreases as the cell operates due to
overpotentials or losses associated with kinetics (charge transfer resistance) on electrode, ohmic
loss affected by transfer of charged species, and mass transfer loss.
In flow batteries the energy and power ratings are not coupled. This means one can be
changed irrespective of the other. The energy can be kept constant and power can be varied and
power can be kept constant and energy can be varied. The power output depends on the number of
the cell stacks. The power output is a product of current and voltage, so if number of cell stacks
are increased, the voltage across the stack increases and as a result the power output also increases
and vice versa.
The energy stored depends on the amount of electrolyte used. If more energy is to be stored,
then more amount of electrolyte is stored in the tank and vice versa. In this case, the energy stored
is increased, whereas the power output is kept constant. Hence flow batteries have a very simple
design, cost effective and can be used for large-scale electricity storages.
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CHAPTER 4: CELL PARTS AND ITS PREPARATION
The flow battery has two half cells where electrochemical redox reactions take place. As
shown in Fig. 5, there are end plates on both the sides where the compressing bolts are installed,
and they compress the cell components evenly under compressing forces induced by bolts. Current
collectors are positioned between end plates and flow channel to collect the electrons generated in
the cell reaction. The flow channel made of carbon is used to guide flow of the reactants in the
cell. There are various types of flow fields like spiral, solid, parallel, pin and serpentine flow fields.
The serpentine flow field is decided for the test cell because it is known to provide uniform
distribution of the electrolyte as compared with other types [4]. Then there is a gasket made up of
non-conducting PTFE to avoid any leakage from the cell, and proper thickness of gasket is applied
to get the porous electrodes to be compressed by 15-20%. Carbon porous electrodes are applied
against an ion exchange membrane from each half cell, and electrochemical reactions take place
on their surfaces. The ion exchange membrane is located in the middle of cell, allowing selectively
certain types of ions to move through, and various types of membranes are used such as anion,
cation exchange membrane, and porous membrane.
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Figure 5: Structure of a standard membrane flow battery [9]

In the cell utilized in this study, aluminum is used as a reactive material in the anode and
oxygen from air is used for the cathode. Solid flow field (no flow grooved on the carbon plate) is
used for the anode side, whereas serpentine is used for the cathode. A gas diffusion layer is inserted
between aluminum sheet and membrane as a porous channel for electrolyte flow, and platinumcoated gas diffusion electrode layer is used for cathode side.
Before assembly all the components are cleaned with acetone and then by de-ionized water
so as to avoid the effect of any impurity on the cell performance. Based on the electrolyte used,
the ion exchange membrane is pre-treated accordingly. If KOH electrolyte is used, then the nafion
membrane is boiled with 4M KOH solution for 1 hour and then kept in de-ionized water till it is
used. When NaCl electrolyte is used, it is boiled with 3M NaCl solution for 1 hour. Similar
procedure is followed if anion membrane is used for NaCl electrolyte. When anion membrane and
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KOH is used, then membrane is boiled in de-ionized water for 1 hour. This is because the anion
membrane gets affected by the KOH and turns brown and reduces its life cycle.

4.1 PREPARATION OF GAS DIFFUSION ELECTRODE
A gas diffusion electrode is required for the electrochemical reaction of oxygen to happen
at the practical rates [9]. The gas diffusion electrode is prepared as follows. For coating, a required
amount of (10% Pt/C) platinum powder is prepared so that 0.5mg of Pt is coated for every 1 cm2
area of carbon paper. This powder is kept in a vial and 1 μL of DI water is added for every 1 mg
of platinum powder. Then 6.67 μL of nafion solution and 5.33 μL of pure iso-propanol is added
for every 1 mg of platinum powder and stirred using magnetic stirrer for about 10 minutes till a
slurry is formed. The slurry is then painted on microporous layer (MPL) using a paintbrush
maintaining as even and homogeneous as possible. Then dry it for about 24 hours so that the
platinum catalyst layer is formed on the carbon porous media [10].
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CHAPTER 5: OPTIMIZATION OF EXPERIMENTAL PARAMETERS
The experimental specifications are shown in Table 2.
Table. 2: Assembly and Cell Conditions
Property
Compression Force on the cell
Assembly

Conditions

Compression of Carbon media

~15%

Flow Filed

Solid for anode (Al) & Serpentine for cathode
(Oxygen)

Flow rate of Electrolyte

0.16 ml/s

Flow rate of Oxygen

1 bar

Battery Operating temperature

Room temperature (~ 18°C)

Electrolyte used

KOH+DI water, KOH+DI water+ Methanol, NaCl
+DI water

Battery Tester

Maccor Model 4304

Peristaltic Pump

Cole Parmer Master Flex Economy Drive

120 lbf

- Specifications of components on anode - solid flow field, 0.42 mm gasket, Al foil 0.12 mm, GDL
0.35 mm, so with 15% compression Al + GDL=0.4175mm (w/o compression = 0.47 mm).
- Specifications of components on cathode - serpentine flow field, 0.22 mm gasket, with 15%
compression GDL with MPL + Pt is 0.224 mm (w/o compression = 0.28mm).
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- Assembly from anode to cathode - end plate + current plate (insulator on the side of end plate) +
solid flow field +Al foil + GDL + nafion + GDL with MPL & Pt + serpentine flow field + current
plate+ end plate. Torque = 120 pounds/inch.
Refer to the schematic of aluminum-air battery in the Fig. 6. For discharge cycle, we have
aluminum at anode and oxygen at cathode. A regular aluminum foil from kitchen is used for the
experiments. It is folded four times to get the required thickness 0.16 mm. Oxygen is supplied at
cathode and at anode; aluminum reacts with four hydroxide ions (OH)-, gets oxidized and releases
three electrons. These electrons pass through the external circuit towards cathode. At cathode,
water and oxygen reacts with these three electrons, gets reduced and gives four hydroxide ions.
These hydroxide ions pass through the ion exchange membrane towards anode and the cycle
continues. The theoretical cell voltage is around 2.7 V. But this chemical reaction is accompanied
by a parasitic side reaction as follows:
4Al + 3O2 + 6H2 O → 4Al OH 3 + 3H2

(gas)

………. (2)
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Figure 6: Aluminum-air battery schematic

4𝐴𝑙 + 3𝑂2 + 6𝐻2𝑂 → 4𝐴𝑙 𝑂𝐻 3

…... (3)

Ecell = 2.7 V

The water in the alkaline electrolyte oxidizes the aluminum on local regions and the
generated electrode is used to reduce proton dissolved in the electrode to generate hydrogen gas.
This is called parasitic reaction (i.e. local corrosion) as the aluminum present in the cell is used to
produce hydrogen and without generating useful electrons. We can infer that the presence of water
will affect the hydrogen production directly. Here the concept of solvent in salt electrolyte comes
into the picture. This technique is already used by Liumin Suo et al. for Li batteries [11]. They had
an issue of dendrite formation, which was mainly due to presence of excessive water content in
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the cell. In order to solve this issue they tried the use of solvent in the salt electrolyte. Refer to
Fig.7 for details. On x-axis we have weight ratio of salt to solvent against volume ratio of salt to
solvent. The area in the graph can be divided in four parts. The various solutions used by
researchers till to date are dilute solutions for Al-air batteries. The solutions falling in the category
B are concentrated electrolytes also known as “solvent in salt” electrolytes as salt content is more
than solvent content by weight and volume.

When the electrolyte falls in the B region it has

exceptional electrochemical properties like high stability, a good control over conductivity and
reduces side reactions drastically.

Figure 7: Classification of electrolytes [11]

Region A in Fig. 7 shows a dilute solution of NaCl in water (salt-in-solvent electrolyte;
Figure 8) whereas figure B shows a water-in-salt electrolyte (Figure 9).
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Water is a polar molecule (i.e. it has negative and positive regions). When the attractive
forces between the ions of a molecule are weaker than the force exerted by the water molecule, the
molecule splits into ions, and water forms a shell of solvation around the ions. This water is
referred as “bound water,” whereas the remaining water is termed as “free water.” In case of highly
concentrated electrolytes, the “free water” available for the side reactions causing hydrogen
evolution is much less or almost absent. So, there is great possibility that the hydrogen evolution
will be inhibited in highly concentrated electrolytes. Region A shows a lot of free water molecules
around the Na+ ion at the center, whereas in figure B all the water molecules are surrounding the
Na and Cl ions. Hence much less or no free water molecules are available for the side reactions.
Based on this idea, attempts were made to understand the impact of the electrolytes on the
hydrogen evolution and ionic conductivity.

Figure 8: Salt-in-water electrolyte [11]

Figure 9: Water-in-salt electrolyte [11]

Refer to Fig. 10 for the experimental setup. On the left side we have oxygen supply from
the oxygen cylinder. On the right side we have a peristaltic pump which pumps electrolyte in the
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cell. The current collectors are connected to the Maccor system. An electrolyte volume of 20 ml
is kept constant for all the tests. The cell assembly is compressed with a torque of 120 lbs/inch.
All the experiments are conducted inside the hood as hydrogen gas is released during the side
reaction. The oxygen supplied to the cell is humidified (oxygen is bubbled through water) so as to
avoid the cell parts from drying during working. After every experiment is completed the cell
components are cleaned so as to avoid any impact electrolyte remaining in the cell parts during
previous experiment (Figs 11-13).

Figure 10: Al-air battery experimental setup
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Figure 11: Fuel cell parts

Figure 12: Assembled fuel cell
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Figure 13: Fuel cell parts
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CHAPTER 6: TEST PLAN
In order to study the effect of aqueous electrolytes on the Al-air cell performance, a test
plan was prepared. Figure 14 shows an overview of the test plan. The effect of the electrolyte is
seen on the cell performance which can be analyzed based on the electrolyte used and cell-based
tests. Selection of electrolyte is one of the most important tasks in the thesis. It is mainly based
on i) amount of hydrogen gas evolved during the cell working and ii) ionic conductivity of the
electrolyte.

Figure 14: Test plan

The cell performance is greatly affected by the amount of hydrogen gas released during the
process. If more hydrogen gas is released, then it causes self-corrosion of aluminum and hence
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degrades the battery performance. So the selection of electrolyte is done based on the hydrogen
gas evolved during the “hydrogen evolution test.” If less amount of gas is evolved, then it can be
inferred that this electrolyte may not give good performance and vice versa.
Similarly, ionic conductivity is another important property of the electrolyte. If the
conductivity is good, then the flow of ions through the ion exchange membrane will be faster,
improving the cell performance. So electrolytes with good conductivity are selected for further
trials.
For cell-based tests, two tests are conducted namely, i) polarization test and ii) impedance
test. These tests are performed if the electrolytes pass electrolyte testing (hydrogen evolution test
and ionic conductivity test). But some electrolytes are also tested as extreme cases for comparison
purpose. Polarization curve is a plot of voltage versus current which helps us to identify the losses
in the battery for analysis purpose.
Four types of electrolytes studied in this thesis are:
i)

Anhydrous methanol and KOH

ii)

De-ionized (DI) water, methanol and KOH

iii)

De-ionized water and KOH

iv)

Sodium chloride (NaCl) electrolyte and de-ionized water

Also an effect of ion exchange membrane; nafion, anionic and porous membrane; and additive
ethylene glycol is studied.
6.1 HYDROGEN EVOLUTION MEASUREMENT SETUP
Due to the side reaction described in equation below, hydrogen gas is evolved when the
cell is operating. This is a parasitic reaction and the performance of an electrolyte can be predicted
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by finding the amount of hydrogen gas released during the process. If more hydrogen is released,
then then the performance will be poor and vice versa.
4Al + 3O2 + 6H2 O → 4Al OH 3 + 3H2

(gas)

…………… (6)

In order to measure the amount of hydrogen evolved during the process, a simple
experimental setup is made as shown in the Fig. 15. It consists of a conical flask whose opening is
fixed with a rubber cork. This flask is connected to a piston cylinder by a rubber tube as shown.
An aluminum foil of 4 cm x 4 cm is folded twice and then inserted in the flask. A fixed volume of
20 ml of electrolyte is inserted in the flask and the cork is fitted immediately. The chemical reaction
is allowed to take place for 4 minutes. As the hydrogen gas is evolved it passes through the tube
and enters the cylinder and pushes the pistons towards the right side. The cylinder has markings
on it, from which we can see the amount of gas evolved in cubic centimeters (cc). The piston
cylinder is kept horizontal in order to avoid the effect of gravity on the gas collection. Also the
movement of piston is quite frictionless.
From this experiment we get the amount of hydrogen gas evolved in for a specific
electrolyte. Later on this value is used to measure the corrosion current for that electrolyte.

Formula (1) is used to measure the corrosion current.
𝑖𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 = 2𝑃𝑉𝐹/𝑡𝑆𝑅𝑇

….. (1)
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Figure 15: Hydrogen evolution measurement setup
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where P is atmospheric pressure, V is volume of gas from experiment, F is Faraday constant =
96485, t= collecting time = 4 min = 240 S, S= electrode area = 40 mm x 40 mm, R= gas constant
= 8.3144598 m2 kg s-2 K-1 mol-1 and T= experimental temperature = 18 °C.
6.2 ELECTROLYTE CONDUCTIVITY MEASUREMENT
One of the most important properties of electrolyte is good ionic conductivity, which is
measured by using simple setup explained further (Figures 16 and 17).

Figure 16: Test setup for conductivity measurement

Figure 17: Schematic of conductivity measurement setup
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It has a hollow T-connector having two metal rods inserted from both sides. The required
electrolyte whose conductivity is to be measured is poured from the top opening. The ends of these
metal rods are connected to the SP-150 Biologic system. The equivalent circuit is shown in Figures
18 and 19.

Figure 18: Impedance plot

Figure 19: Equivalent circuit for fuel cell

Here Rohm is a resistance of the electrolyte, whereas Rc is resistance of the electrode.
Although the resistance of the electrode is low, it should not affect the final reading. When AC
current is passed through the given circuit the behavior is as shown in the Fig. 19. So to avoid the
effect of electrode resistance, the frequency is changed from 0 to infinity (as shown in Figure 18);
as a result, we get the reading of Rohm. The formula for calculating conductivity is:

ρ = (RohmA)/L ; σ =1/ρ

….. (2)

where ρ is conductivity of the electrolyte, Rohm is resistance of the electrolyte, A is cross section
area, L is length of electrolyte in the connector and σ is resistivity of the electrolyte.
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6.3 POLARIZATION CURVE
There are three losses: kinetic, ohmic and mass transfer. Especially, the kinetic loss can be
reduced if the exchange current is very high. The overpotential is additional energy required, so
if overpotential (i.e. loss) is very big, we need to use big energy to overcome the loss, leading to
low cell voltage.
Various losses in a battery can be classified as activation loss, ohmic loss, concentration
loss and crossover and short circuit losses. All these losses are present during the discharge
process, but some of them are dominant during a specific time period while some are dominant
during another time frame. These voltage losses are termed as polarization in electrochemistry and
the plot of cell voltage against the current density is termed as a polarization curve. This curve
helps to analyze the behavior of the battery during charging or discharging. Figure 20 shows
various losses in a discharge process. The actual cell potential is given by equation 3:
𝐸 = 𝐸 0 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 − 𝜂𝑠𝑖𝑑𝑒 𝑟𝑥𝑛 ……… (3)
The fuel cell is connected to the Maccor system (Figure 21), which has four channels and
can supply or withdraw current as per our requirement. We need to create a program and set current
withdrawn, time, safety voltage and select channel based on the current withdrawn. We can view
real-time polarization curve on the monitor. Also these values are stored in an Excel sheet and the
data can be retrieved and can be used as per the requirement.
The activation losses are non-linear and have sharp initial drop with the current load. These
losses are directly related to the energy barriers for the oxidation and reduction at the electrodes.
For Al-air cell they are mainly due to the formation of the oxide layer on the aluminum surface.
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Other factors affecting activation losses are reaction mechanism, operating conditions, type and
structure of catalysts, species concentration, impurities, service history and age of the fuel cell.
The ohmic losses show a linear region which is dominated by the fuel cell internal
resistance. These losses are due to resistance to the charge transfer in the fuel cell. The
concentration losses are also called mass transfer losses and depend on the availability of the
sufficient concentration of the reactant species at the interface. For high current densities the mass
transfer losses are higher. Apart from these losses, fuel cell shows reactant crossover and internal
current losses which depletes the cell voltage at the beginning. They are also called charge transfer
losses.

Figure 20: Polarization curve
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Figure 21: Polarization curve measuring setup

By conducting discharging tests, polarization curves are obtained and various losses can
be compared. Based on this we can find out the reasons for these losses and decide further course
of action for the research.
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6.4 IMPEDANCE MEASUREMENT
For impedance measurement the setup is similar as shown in Fig. 16. The SP- Biologic
system is connected to the fuel cell instead of hollow T-connector. The rest the principle of
working is same as explained in section 6.2.
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CHAPTER 7: COMPARISION OF CONVENTIONAL AND FLOW BATTERIES
As discussed earlier, flow batteries have a simple design and can be used for large-scale
electricity storage. The design can be explained as per Fig.22. It has a cell stack in the center,
anode side is connected to one electrolyte and cathode side to another one. The amount of energy
stored and the power requirement can be altered as per the requirement.

Figure 20: Schematic of a flow battery [12]

Theoretically flow batteries should give better performance as compared to the
conventional batteries. For conventional batteries, the reactants are transferred to through the ion

36

exchange membrane only by diffusion (Fig. 23). Diffusion occurs due to the concentration gradient
that is the difference in the concentration in both the sides of the cell, whereas for flow batteries
the reactants are transferred by diffusion as well as convection. This convection force acts due to
the pump pressure and pushes reactants to the other side of the ion exchange membrane (Fig. 24).
Because of this additional force the reactants are transferred faster and as a result the mass
transfer losses are low for flow batteries as compared to conventional batteries.

Figure 21: Conventional batteries (diffusion)

Figure 22: Flow batteries (diffusion + convection)
In order to check this practically, experiments were performed both for conventional
batteries and flow batteries. For conventional battery, a simple T-connector was used as shown in
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the Fig. 16. All other experimental conditions like ion exchange membrane and electrolyte type
were kept the same.
Here we have a comparative graph for conventional and flow batteries (Figure 25). The
electrolyte used is 3M anhydrous methanol with potassium hydroxide (KOH).

Figure 23: Comparison of polarization curve of conventional battery and flow battery

The open circuit voltage (OCV) of conventional batteries is less than half of that of flow
batteries, whereas maximum current drawn is less than by an order of 2, which is a huge difference.
The main reason for the better performance of the flow batteries is due to the induced flow of
electrolyte which reduces mass transfer losses drastically.
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CHAPTER 8: STUDY OF KOH+ ANHYDROUS METHANOL ELECTROLYTE
8.1 HYDROGEN EVOLUTION AND CONDUCTIVITY
The conductivity and hydrogen evolution testing was done for this electrolyte using the test
setup explained earlier. The conductivity testing was done with varying concentration of KOH
from 1M to 6M solution. Initially the conductivity of the electrolyte increases and then reduces
further. The conductivity is maximum 32 mS/cm for 2M solution and later on decreases further
due to more KOH concentration which results in reduced mobility (Figure 26).

KOH + Anhydrous methanol
40
Conductivity (mS/cm)
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Figure 24: Conductivity of KOH+ anhydrous methanol for varying KOH concentration
In electrochemistry the conductivity of nafion is considered to be good, which is 100
mS/cm. So comparatively for this electrolyte the conductivity is poor and hence we cannot expect
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good performance from this electrolyte. Also there is absolutely no hydrogen evolution as there
is no water content in the electrolyte.
8.2 IMPEDANCE MEASUREMENT
For this case (Figure 27), the cell resistance is 14 ohms, which is high mainly due to no
water content in the electrolyte. This testing is carried out for all electrolyte from 1M to 6M
concentration, but the impedance value remains almost same around 14 ohms.

Figure 25: Impedance measurement for 3M KOH in anhydrous methanol
8.3 POLARIZATION CURVE
This electrolyte gives worst performance of all the electrolytes tested. It has very high
kinetic losses due to the oxide layer formed on the aluminum electrode and low conductivity and
low performance due to absence of water. The OCV obtained is 1.323 V whereas the maximum
current drawn is 1.8 mA/cm2 (Figure 28).
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Figure 26: Polarization curve for anhydrous methanol + KOH (3M)

When highly concentrated electrolyte was used above 5M KOH concentration, the
discharge cycle did not run for more than 10 sec and was short and hence there is no graph for
highly concentrated electrolytes. Further, the effect of varying water content is studied on the cell
performance.
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CHAPTER 9: STUDY OF KOH+ METHANOL + VARYING DI WATER
CONCENRTRATION ELECTROLYTES

9.1 EFFECT OF WATER CONCENTRATION ON THE HYDROGEN EVOLUTION
In order to study the effect, a series of experiments was done. The electrolyte concentration
was varied from 1M to 6M, whereas the water concentration was varied from 10%, 30% and 50%.
Finally, effect of 100% water and KOH was studied, which is discussed in subsequent chapter.
From Fig. 29, we have varying KOH concentration in methanol on X-axis against the
corrosion current. This corrosion current is calculated using the formula (1). For lower water
concentrations the corrosion current is very low and almost flat for all the KOH concentrations.
Up to 30% water content, corrosion current remains steady as KOH (M) concentration increases.
As the water concentration increases above 30% the corrosion current surges and it is maximum
for 50% water content and KOH concentration of 6M. This experimentally proves that the water
concentration directly affects the side reaction and has severe impact on the cell performance.
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Figure 27: Effect of varying water content on corrosion current

9.2 EFFECT OF WATER CONCENTRATION ON THE CONDUCTIVITY

Another important parameter which affects the cell performance is the conductivity of the
electrolyte. The Fig. 30 clearly shows the effect of water concentration on the conductivity. As the
water concentration increases, conductivity increases. For lower water concentration (to 10%) the
conductivity remains almost flat even if the KOH concentration increases, whereas for higher
concentrations the conductivity increases till 5M KOH concentration and then remains constant.
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Figure 28: Effect of varying water content on electrolyte conductivity

9.3 EFFECT OF WATER CONCENTRATION ON CELL IMPEDANCE
A sample impedance graph is shown in Figure 31. (The detail values of impedance are shown
in the Table 1 in chapter 1). The value of impedance is reduced 6 ohms as water percentage is
increased to 50%. This shows that the cell impedance is inversely proportional to the water content.
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Figure 29: Cell impedance for 3M KOH + 50% water solution

9.4 POLARIZATION CURVE FOR 50% WATER+METHANOL+ 3M KOH
Anhydrous methanol electrolyte gives OCV of 1.32 V, whereas for 50% water case it is
around 1.2 V (Figure 32). Even then the current drawn from 50% water case is very high:
40mA/cm2 as compared to 1.8 mA/cm2 for anhydrous case. So the current withdrawn increases
by 20 times as water content increases.
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Figure 30: Polarization curve for 50% water + methanol + 3M KOH

When we use 100% water without any methanol, the OCV is 1.4 V, which is maximum in
all the cases (Figure 33). Also the maximum current withdrawn is 50 mA/cm2 , which is best among
all the cases. So, when the methanol concentration is reduced to 0, then the maximum current
withdrawn increases by 20 %. So methanol mainly acts as a catalyst that helps to reduce the
hydrogen gas evolved during the process, which reduces the side reaction at the cost of the cell
performance.
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Figure 31: Polarization curve for 100% water + KOH electrolyte
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CHAPTER 10: STUDY OF NaCl + DI WATER ELECTROLYTES
The use of methanol is costly and affects the cell performance drastically, hence another
cheaper option of using sodium chloride (NaCl) is preferred.
10.1 EFFECT OF VARYING NaCl CONCENTRATION ON CONDUCTIVITY OF THE
ELECTROLYTE
NaCl electrolyte gives very high conductivity (200 mS/cm2 maximum) as compared to
KOH electrolyte. This can be clearly seen from Fig. 34.

Figure 32: Conductivity comparison between NaCl + DI water and KOH + anhydrous methanol
electrolyte

As the NaCl molarity increases, the conductivity increases and it reaches maximum value
of 200 mS/cm2 at 5.5 M concentration. Later on, if the concentration increases, the molarity
decreases. This is because as the NaCl concentration increases the more ions are present in the

48

electrolyte, which helps to improve the conductivity and when the concentration increases above
certain limit (5.5M), the ion mobility is reduced due to the excessive number of ions.
10.2 POLARIZATION CURVE FOR 3M NaCl ELECTROLYTE
The polarization curve is different from the other electrolytes. The activation loss is more
for NaCl but later on the curve is almost flat. It gives very good performance as compared to
anhydrous methanol+ KOH electrolyte but poorer than water + KOH + methanol electrolyte. The
OCV is 0.86 V, whereas the maximum current drawn is 30 mA/cm2. Almost same current is
withdrawn irrespective of the NaCl concentration. The graphs in Figure 35 are almost same for all
the cases. This electrolyte can serve as a better and cheaper option, but it has issues of accumulation
of by-products on the ion exchange membrane and the gas diffusion media.

Figure 33: Polarization curve comparison between NaCl + DI water and KOH + anhydrous
methanol electrolyte
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CHAPTER 11: COMPARISION OF VARIOUS ION EXCHANGE MEMBRANES
Ion exchange membranes have a serious impact on the cell performance. This is
demonstrated by the use of three different ion exchange membranes: nafion, anion and porous
membranes. During experiments all the operating conditions were kept same except the membrane
was replaced.
As per Fig. 36, we can see huge difference in the performance using nafion and anion membranes.
Even though nafion membrane gives better OCV than the anion membrane, the maximum current
drawn is much less 14 mA/cm2 as compared to 50 mA/cm2 for the anion membrane. Nafion
membrane gives higher mass transfer loss as it is designed to conduct protons, unlike anion
membrane which is designed to transfer anions (OH-) effectively. So anion membrane was used
for conducting experiments henceforth.

Figure 34: Comparison of Nafion and anion membrane performance
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The porous membrane used for the trials was 10-micron filter from Membrane Filters. The
objective of using porous membrane was to increase the ion transfer and hence reduce the losses.
When the standard operating conditions were used there was heavy leakage from the cell. So the
pumping speed of the electrolyte was reduced to minimum 0.13 ml/s, but even then there was
electrolyte leakage. Also the flow of oxygen was increased to see if stopped the electrolyte from
leaking, but even then it did not help. Hence there is no polarization curve graph when the porous
membrane was used.

11.1: EFFECT OF ETHYLENE GLYCOL ON THE BATTERY PERFORMANCE
A series of experiments was performed by Wang et al [6]. They used ethylene glycol for
ethanol electrolyte and got good performance. So ethylene glycol is used as catalyst to see the
effect on the cell performance. The catalysts are the chemicals which speed up the process but do
not take part in the chemical reactions. So when ethylene glycol is used in the electrolyte, the mass
transfer losses are reduced and the maximum current drawn is 60 mA/cm2, which is 20% more
than that without using any catalyst (Figure 37).
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Figure 35: Polarization curve comparison with and without ethylene glycol
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CHAPTER 12: CONCLUSION
The conclusion can be summarized as follows:
1. As water concentration in KOH increased, conductivity was enhanced but hydrogen
evolution was worsening.
2. Methanol reduced the corrosion current but also decreased the conductivity.
3. NaCl + DI water electrolyte generated comparable current (30 mA/cm2), but it formed
precipitates to block the flow fields.
4. Flow-cell type batteries produced better performance (20 times better than conventional
batteries) due to induced convective flow of electrolyte, which reduces mass transfer losses
drastically.
5. Anion membrane gives best performance among three membranes because of its design to
conduct anions (OH-) (increase by 250% over nafion membrane).
6. Ethylene glycol improves the performance of the Al-air battery (by 20%) as it inhibits the
aluminum corrosion.
7. Theoretically it seems solvent-in-salt (highly concentrated) electrolytes should give better
performance, but practically it causes heavy mass transfer losses and the cell does not run
more than 10 seconds.
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12.1: FUTURE WORK
This thesis analyzes the effect of water content on the cell performance of alkaline
electrolytes. Later on, effect polyethylene glycol can be studied in detail with varying
concentration. Also ion exchange membrane with less porosity can be studied, which has good
potential to improve the cell performance. Study of ionic liquid is another strong contender for the
future work.
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